Abstract-In this paper, broadband transitions from substrate integrated coaxial line (SICL) to a conductor-backed coplanar waveguide (CBCPW) are proposed and designed. Measurement results show that the insertion loss and return loss are better than −0.5 dB and −10 dB, respectively from 0 to 13 GHz. Then, for verifying the performance of SICL and the validity of SICL transition design, a 3 dB SICL rat-race coupler operating at 2.3 GHz is designed, fabricated, and measured. Compared with the conventional microstrip line coupler, this SICL coupler maintains good performance but with a remarkable 24% reduction in size. At last, a 10 dB dual-band coupled SICL coupler operating at 2.4/5.8 GHz is proposed, and the measured results agree well with the schematic and electromagnetic simulated results. The measured results demonstrate that the fabricated bandwidths are 30% and 12.8%, the |S 31 | are −10.1 dB and −10.3 dB, the directivities are 18 dB and 20 dB at the low (2.4 GHz) and high (5.8 GHz) operating frequencies, respectively.
INTRODUCTION
Substrate-integrated technology (SIT) includes the substrate integrated waveguide (SIW) and the substrate integrated coaxial line (SICL) represents an emerging and very promising candidate for the development of components and circuits operating in the microwave and millimeter-wave or terahertz region [1] [2] [3] [4] [5] [6] [7] [8] [9] . SIW structures are fabricated by two rows of conducting cylinders in a dielectric substrate that connects two parallel metal plates, and permit the implementation of classical rectangular waveguide in planar form [1] . SIW have many advantages, including easy fabrication and low cost compared with conventional metallic rectangular waveguide [2, 3] . However, the fundamental mode TE 10 of SIW has dispersion characteristic, and it's not wise to use SIW in ultra-wideband systems. Moreover, the size of the SIW is still large owing to its TE 10 cutoff wavelength property, especially at low frequencies. SICL is a shielded planar coaxial transmission line, comprising a conductive stripline sandwiched between the two grounded dielectric layers and side-limited by two rows of metallic via holes [4] . At first, SICL have the features of high Q, high power capability, low cost and ease of integration with other passive or active components [5] . Secondly, SICL is nearly shielded due to its two rows of metallic via holes. Because of the no-dispersive fundamental mode TEM, SICL has a broadband of single-mode operation for ultrawideband microwave components design [6] . The highest frequency of the SICL single-mode operation bandwidth equals to the cut-off frequency of the first upper mode TE 10 , which can be adjusted by changing the distance between SICL two rows of metallic via holes [5, 8] . Finally, the guided wavelength of TEM mode equals to the wavelength in dielectric, and SICL components can be fabricated with a reduction in size compared with SIW or microstrip line components [9] . The characteristic impedance Z 0 of the TEM mode is frequency independent, and its value can be adjusted expediently by playing with the ratio between the height of the dielectric substrate and the width of the inner conductor in the design process [4] .
At present, many papers about SIW transitions have been published. SIW transitions between different layers are presented in [10] , and broadband SIW-to-CBCPW transitions and ultrawideband SIW-to-CPW are proposed in [11] [12] [13] and [14] respectively. Moreover, there are many SIW passive and active components have been studied, such as SIW filters [15] [16] [17] , antenna [18] , triplexer [19] , oscillator [20] , and so on. However, there are a few of papers to report SICL broadband transitions and components, and not any papers to propose SICL rat-race coupler and dual-band coupled SICL coupler to our best knowledge. In this paper, a novel compact SICL-to-CBCPW transition with broadband operation is proposed and designed. Since the SICL has the advantage of the no-dispersive fundamental mode TEM, and which is very suitable applying to the high performance and miniaturization design of microwave devices. In Section 3, the application of SICL-to-CBCPW transition to the SICL 3 dB rat-race coupler for maintaining good performance and reduction in size was discussed. Compared with a conventional transmission line, a coupled line has advantages, such as compact size, flexible design parameters, and so on. There are much research has been investigated to dual-band RF passive and active components based on coupled microstrip line, such as power dividers [21] [22] [23] [24] , filters [25, 26] , coupled-line couplers [27] , and power amplifier [28] . However, the electromagnetic simulation results and the measured responses do not perfectly match to those of the ideal schematic circuit at the high frequency band that due to the unequal even-and odd-mode velocities in microstrip coupled lines. Compare with the microstrip line or other quasi-TEM transmission lines, SICL has the advantage of the no-dispersive fundamental mode TEM, and which is very suitable for applying to the design of microwave devices that based on coupled-line structures. Moreover, the coupled SICL can enhance the directivity of the coupler with coupled-line structure due to the equal even-and odd-mode velocities in it. In Section 4, a dual-band coupled SICL directional coupler operating at 2.4/5.8 GHz is proposed, and the measured results agree well with the schematic and electromagnetic simulated results.
SICL-TO-CBCPW TRANSITION

SICL-to-CBCPW Transition Design
The 3D view and the layout of the back-to-back SICL-to-CBCPW transition are shown in Figure 1 and Figure 2 respectively. The proposed structure is composed of three parts I, II, III as shown in Figure 2 . The CBCPW at part I propagates quasi-TEM mode, and its characteristic impedance is determined by the thickness H of the dielectric substrate, the width W 1 of the middle conductor and the width W 2 of the slit jointly. The SICL at part III propagates TEM mode, and its characteristic impedance can be adjusted by changing the ratio between the height H of the substrate and the width W 3 of the inner conductor. The diameter of via hole is D and the period is T , and the distance between the two rows of via holes is A in Figure 2 . The SICL and the CBCPW was connected by a blind hole in the transition region at part II, which diameter equals to W 3 and height is h. In order to achieve electromagnetic field convert gradually, semicircular conductor with diameter W 1 was utilized, and the width of the space between this semicircular conductor and the ground conductor on the top layer was increased from the minimum value 0.5(W 2 − W 1 ) at the CBCPW end to the parameter gap gradually in Figure 2 . The Figure 1 .
The 3D view of the back-to-back SICL-to-CBCPW transition. This back-to-back SICL-to-CBCPW transition model shown in Figure 1 was simulated and optimized by using the Ansys High Frequency Structural Simulator (HFSS), where the thickness of the dielectric substrate is H = 1.634 mm with dielectric constant ε r = 3.48. The parameters for the Z 0 = 50 Ω CBCPW is W 1 = 2.5 mm, W 2 = 3.4 mm, L 0 = 14 mm and for the Z 0 = 50 Ω SICL is W 3 = 0.86 mm. The parameters D = 1 mm and T = 1.6 mm, which are usually imposed by technological constraints. A = 5 mm has been proven to control the single-mode bandwidth from 0 to f TE10 = 18.52 GHz, where f TE10 = 18.52 GHz is the cut-off frequency of the TE 10 mode for this SICL [4] . The optimized parameter gap = 0.6 mm was obtained with the aid of HFSS.
Experiment Results
The back-to-back SICL-to-CBCPW transition was fabricated on a bilayer substrate Rogers 4350B with ε r = 3.48, and the thickness of each layer is h = 0.762 mm with loss tangent of 0.004. Figure 3 shows this back-to-back transition structure with SMA connectors. The Sparameters of the fabricated back-to-back transitions are measured by Agilent PNA N5230C, and the simulation and measurement results of the insertion loss |S 21 | and the return loss |S 11 | are shown in Figure 4 . The measured S parameter of the microstrip line with the same length and same SMA connectors was also shown for comparison in Figure 4 .
See from Figure 4 , the measured return loss of the back-toback SICL-to-CBCPW transition with SMA connector is less than −10 dB and the insertion loss is better than −1.72 dB from 0 to 13 GHz. The performance of the back-to-back transitions was degraded around 4.2 GHz due to the resonant phenomena in the CBCPW [29] . Moreover, the measured insertion loss of the microstrip line with the same length and same SMA connectors are −1.98 dB and −2.23 dB at 9 GHz and 13 GHz respectively, and the measured insertion loss of each SMA connector is worse than −0.5 dB at least in the frequency range from 9 GHz to 13 GHz. After eliminating the insertion loss caused by the two SMA connectors, the insertion loss is better than −0.5 dB for a single SICL-to-CBCPW transition from 0 to 13 GHz.
SICL 3-dB RAT-RACE COUPLER
To verify the performance of SICL and the validity of SICL transition design, the SICL 3 dB rat-race coupler with center frequency f 0 = 2.3 GHz shown in Figure 5 was designed and simulated with the aid of the HFSS. The parameters W 4 = 0.4 mm for Z = 70.7 Ω SICL and W 5 = 0.86 mm for Z 0 = 50 Ω SICL, R 0 = 16.7 mm, R 1 = 14.2 mm, R 2 = 19.2 mm, and H = 1.634 mm. There are four SICL-to-CBCPW transitions describing in Section 2 are used for testing the SICL 3 dB rat-race coupler. Port 2 is the sum port (Σ) and Port 4 is difference port (∆). A signal excited on Port 2 will be evenly split into two in-phase signals at Port 1 and Port 3, and Port 4 will be isolated. If the input is applied to Port 4, it will be equally split into two out-ofphase signals at Port 1 and Port 3, and Port 2 will be isolated [30] . The perimeter of the conductor annulus with radius R 0 in the middle layer equals to 1.5λ g , and λ g = 70 mm is the guide wavelength for the SICL at 2.3 GHz. However, the guide wavelength of microstrip line is λ g = 78 mm for same operation frequency and dielectric substrate. Therefore, compare with microstrip line coupler, this SICL coupler has 24% reduction in size. The 3 dB rat-race coupler was fabricated on a bilayer substrate Rogers 4350B with ε r = 3.48, and the thickness of each layer is h = 0.762 mm with loss tangent of 0.004. The S-parameters of the fabricated coupler with four SMA connectors shown in Figure 6 were measured by Agilent PNA N5230C. Figure 7 and Figure 8 illustrate the amplitude and phase properties of the S-parameters respectively. Figure 7 (a) and Figure 8(a) show the amplitude and in-phase properties as signal applied to Port 2 (Σ). Figure 8 were due to the four SMA connectors, which was employed in the measurement but not considered in the simulation.
DUAL-BAND COUPLED SICL COUPLER
In order to compare the performances of the coupled SICL and the coupled microstrip line, a dual-band coupled SICL 10-dB coupler operating at 2.4/5.8 GHz in Figure 9 was designed and fabricated in this Section. The design parameters of the dual-band coupled SICL 10-dB coupler can be obtained as follow formulas [27] for the system characteristic impedance Z 0 = 50 Ω:
where Z 0e1 , Z 0o1 , Z 0e2 , Z 0o2 are even-and odd-mode characteristic impedances of the two coupled SICL section, respectively. C is the coupling coefficient, f 1 /f 2 the two operation frequency 2.4/5.8 GHz, and θ 1 and θ 2 are electrical length of the two coupled SICL section for f 1 and f 2 . After substitute f 1 and f 2 in formula (1) and (2) above. The parameters of the dual-band coupled SICL 10-dB coupler with operating frequency 2.4/5.8 GHz are attained Z 0e1 = 150 Ω, Z 0o1 = 78 Ω, Z 0e2 = 87 Ω, Z 0o2 = 45 Ω, θ 1 = 52.7 • , θ 2 = 127.3 • . Then, the coupler showing in Figure 9 was designed with the aid of HFSS. Because the almost identical electromagnetic field of the coupled SICL and the coupled strip-line, and the dimensions of the coupled SICL coupler in Figure 9 Layout of the dual-band coupled SICL 10-dB coupler. Figure 10 .
Photograph of the fabricated dual-band coupled SICL 10-dB coupler.
The coupler is fabricated on a bilayer substrate Rogers 4350B with ε r = 3.48, and the thickness of each layer is h = 0.762 mm with loss tangent of 0.004. The S-parameters of the fabricated dualband coupled SICL 10-dB coupler with four SMA connectors show in Figure 10 are tested with Agilent PNA N5230C. Figure 11 and Figure 12 illustrate the measured, schematic, and HFSS simulated Sparameter results of the dual-band coupled SICL 10-dB coupler. The measured results agree well with the schematic and HFSS simulated results except |S 11 | response at the higher frequency band due to the T -junction discontinuous. See from Figure 11 
CONCLUSIONS
In this paper, the broadband SICL-to-CBCPW transition was proposed, designed, and fabricated. The measurement results show that the |S 21 | is more than −0.5 dB and the |S 11 | is better than −10 dB for a SICL-to-CBCPW transition from 0 to 13 GHz. Then, the 3 dB rat-race coupler with performance enhancement by SICL is proposed and measured. The measurement results show that the insertion loss is −3.2 dB, the return loss and the isolation are better than −25 dB, the differential phase is 0.2 • for the case of in-phase operation and 180.4 • for the out-of-phase operation at the center frequency. In the range of 1.75 to 2.65 GHz, the maximum of output amplitude imbalance is better than −3.2 dB ± 1 dB with fractional bandwidth 39%, the return loss and the isolation are better than −17 dB, and the maximum of output phase imbalance is ±10 • in band. Compare with microstrip line coupler, this SICL coupler has 24% reduction in size. At last, a dual-band coupled SICL coupler operating at 2.4/5.8 GHz is designed, and the measured results agree well with the schematic and HFSS simulated results. The coupler can provide better performance at dual operation frequency bands as compared to its dual-band coupled microstrip line coupler counterpart. Especially, the directivities of the dual-band coupled SICL coupler are 5 dB and 14 dB better at 2. 
